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Evaluating the level of service (LOS) of bicycle lanes is essential in planning, designing, and maintaining bicycle infrastructure.
+is study presents a new concept—the cyclist domain—for characterizing interactions between cyclists and proposes a cyclist-
domain-based method for evaluating the LOS of bicycle lanes. Unlike conventional bicycle lane LOS evaluation method, which
counts the weighted events numbers and may generate inaccurate results and evenmisleading decisions, we specified four types of
overlapping cyclist domains to characterize potential impacts in various riding events. +e cyclist domain influence ratio (CDIR)
derived from cycling trajectories is used to measure the negative impact between cyclists. We then propose an LOS evaluation
method for bicycle lanes based on CDIRs. +e user comfort is defined as the sum of products of CDIRs and respective durations.
+e bicycle lane LOS is then evaluated by the average comfort of all users. +e case study shows that the proposed method can
efficiently and effectively evaluate the bicycle lane LOS.

1. Introduction

Bicycling is a clean, sustainable mode of transport that
helps riders efficiently fulfill multimodal trips. Sims et al.
[1] and Ermagun and Levinson [2] refer to cycling as active
travel, in which users are provided with an opportunity to
accomplish a portion of their recommended daily physical
activity. +e past decade has witnessed the rapid worldwide
expansion of bicycle transport, driven by bike-sharing
companies such as Mobike and Ofo. In recent years, bi-
cycling transport has attracted increasing attention from
researchers and practitioners. In theoretical side, quite a
few academic developments are made, e.g., bike-reposi-
tioning problem (Angeloudis et al. [3]; Forma et al. [4]; Li
et al. [5]; and Ho and Szeto [6]), geometric design of bike
paths (Jia et al. [7]), bicycling network design (Duthie and
Unnikrishnan [8]), and layout of bike-sharing rental sta-
tions (Duan et al. [9] and Chen and Sun [10]). In practical
side, nowadays, many metropolitan areas have launched a
new round of construction projects of bicycle facility to
accommodate increasing cycling demands (Faghih-Imani
and Eluru [11]).

+e level of service (LOS) of bicycle lanes is vital for
quantitatively evaluating the performance of bicycle lanes. It
is also used for guiding the infrastructure planning and the
operation of bicycle transport service. For example, trans-
port sectors and designers need to identify relationships
between the LOS and bicycle lane’s geometrics (e.g., lane
width) before putting forward specific planning schemes for
cycling transport. When managing a safe and effective cy-
cling transport system, the authority should also know the
impact of external traffic conditions on the LOS of bicycle
lanes.

A vast body of literature focused on identifying rela-
tionships between operational effects of bicycle lanes and
influencing factors such as lane width and traffic condition
by using statistical analysis. For example, Landis [12], based
on survey responses from bicyclists, introduced a statistically
calibrated LOS model to reveal that pavement conditions
and lane markings were crucial influential factors for the
LOS of a bicycle lane. Kang and Lee [13] developed an
evaluation model and a set of LOS criteria for South Korea,
which incorporated user satisfaction and other factors
(including lane width, road type, the number of encounters,
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and the number of lanes near intersections). Liang et al. [14]
proposed an entropy-based model to determine the LOS of
bicycle lanes in China and gave a LOS classification table.

Cyclists’ perception on comfort, convenience, and se-
curity is viewed as one critical indicator for the LOS of
bicycle lanes. Some researchers started from this perspective
to estimate the LOS by using hindrances encountered during
riding. Botma [15] defined the hindrance as the fraction of
users over a 1.0-km path impeded from passing and meeting
manoeuvres. He thus proposed a criterion for bicycle-lane
LOS as the per cent of the number of hindrances in the
number of users passed (moving in the same direction) plus
the number of users encountered (moving in the opposite
direction) by the bicyclist.+is criterion is time related of the
duration which a bicyclist involved in an event. +is leads to
computational intractability and also restricts its application
in real world.

Hummer et al. [16] made an extension to estimate the
LOS of bicycle lanes in the US by using the number of
passing manoeuvres and contributed to the formation of
wide-applied method collected in Highway Capacity Manual
(HCM), 2010 [17]. +ey presented a bicycle lane LOS score
model incorporating various variables of cyclists’ percep-
tions. +ese variables include the number of times that a
cyclist meets with others per minute, the number of times
per minute on average that a bicyclist passes or is delayed in
passing others, and the presence of a centre line and path
width. A regression model of user responses to video clips
that record the use of a variety of off-street bicycle facilities is
developed to calculate the LOS score of the bicycle lanes.+e
HCM method takes into account the amount of active
passing and meetings, the probability of delayed passing and
hindrances.

+e HCM method may generate inaccurate results and
even misleading decisions for the following two reasons.
Firstly, not every riding event brings hindrance to cyclists. In
this sense, the HCMmethod may overestimate the impact of
hindrance. Secondly, a particular event exerts on different
negative impacts on distinct cyclists. Under this case, a
regression model with a set of fixed weighted parameters
cannot well characterize cyclists’ perception from a mi-
croscopic view. +erefore, we need to seek a satisfactory
solution to evaluate the LOS of bicycle lanes.

+e main challenge of accurately evaluating the LOS of
bicycle lanes stems from the high freedom of microscopic
cycling behaviours. Cycling traffic exhibits obvious dispar-
ities from conventional vehicle traffic in that cycling tra-
jectories are not strictly subject to bicycle lanes. +erefore,
the fundamental diagram in terms of capacity-volume-speed
relationship of cycling traffic may not hold and the LOS
evaluation method for highways may not be applicable for
bicycle lanes. Although a few existing studies stressed the
importance of considering cyclists’ perceptions in estimating
the LOS of bicycle lanes, the methods are not able to
characterize the perceptions well due to the absence of taking
into microscopic riding behaviours.

+e concept of domain offers a chance to appropriately
describe cyclists’ perceptions and enables us to develop a
more realistic and effective bicycle lane LOS evaluation

method because the changes of cyclist’s domain directly and
accurately reflect user’s real-time psychology and percep-
tion. Sommer [18] puts forward a concept of personal space,
which provides a solution to characterize people’s percep-
tion. +e personal space is similar to a variable bubble
around cyclist upon external traffic environment. Any in-
vasion of or interference with one’s personal space would
bring about anxiety. Kim et al. [19] proposed a behavioural-
theory-based approach to better assess pedestrian LOSs for
sidewalks using the concept of personal space and pedestrian
evasive movements. With the use of a separate validation
sample, the revised LOS obtained was found to be more
consistent with pedestrians’ perceptions than the levels
prescribed by the Korean HCM. +e concept of domain is
initiatively used in ship navigation for ship collision
avoidance. Goodwin [20] is the first to give the definition for
ship domain, which is stated as “the surrounding effective
waters which the navigator of a ship wants to keep clear of
other ships or fixed objects.” Any violation of ship domain is
interpreted as a threat to navigational safety.

As we know, there are three types of cycling events,
namely, passing, meeting, and following. An event may drive
a cyclist to change her/his actions, especially cyclists feel
anxious when others are approaching. Furthermore, cyclists’
velocities would be changed in different extents according to
the event type. +e degree of a cyclist’s negative perception
can be described by the change of her/his psychological
space, and the private space has been invaded. In spite of
ship domain, we define cyclist’s psychological space as the
cyclist domain.

In this paper, we propose a cyclist-domain-based
method for evaluating the LOS of bicycle lanes. Our study
makes substantial contributions to the literature of bicycle
transport by building a cyclist-domain-based method for
evaluating the LOS of bicycle lanes and proposing LOS
classification criteria for bicycle lane planning. +e pro-
posed evaluation method could well take into account the
changes of cyclists’ psychology and perception while cy-
cling and generate more accurate evaluation results. +e
reminder of this paper is organized as follows. We shall
devote Section 2 to introducing a framework of our pro-
posed LOS evaluation method. We then present in Section
3 the cyclist-domain-based method. Case study and data
analysis are provided in Section 4. Section 5 concludes the
paper.

2. Conceptual Framework

In spite of the theory of personal space, we define the user’s
personal space in a bicycle lane as the cyclist domain, which
could well describe cyclists’ perception. Invasion of a cyclist’s
domain will lead to negative effect to her.+e invaded region
of a cyclist domain is the overlapping part of two neigh-
bouring cyclists.

Figure 1 provides an example of the mutual interference
process between two cyclists. Two cycling trajectories are
shown in the figure (the red dashed and black solid lines
represent Users 1 and 2, respectively). +e ellipses are used
to represent the real-time sizes of users’ cyclist domains. +e
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number on each ellipse denote time label. For example, the
number 12 indicates that cyclist arrives at the focal position
at 12th time step. Both cyclists pass the segment of bicycle
lane within 5 seconds.+e real-time size of the ellipse (cyclist
domain) would be to a great extent determined by the cy-
clist’s instantaneous velocity.

As shown in Figure 1, the interference between the two
cyclists is recorded as a panel data. Two individuals’ cyclist
domains are bounded at the 12th time step, maintained
overlapped in the 12th–15th time steps, and separated after
then. Evidently, mutual interference (also called domain
invasion) occurs several times.

Figure 2 displays the workflows of our proposed LOS
evaluation method for bicycle lanes. +e overlapping and
the change in the area of cyclists’ domains reflect changes in
user perception. After tracking cycling trajectories, the area
of overlapping cyclists’ domains can be calculated using the
definite integral method. We here define CDIR to measure
the changing degree of a cyclist’s perception in a single
cycling event. We define comfort level to measure the
changes of a cyclist’s perception in the entire cycling
process on the target bicycle lane.+e average comfort level
of all cyclists could serve as the bicycle lane LOS score. A
method based on cyclist domain clearly shows how each
cyclist’s domain evolves and cyclists interfere with each
other.

+e procedures are elaborated as below:
(i) Step 1 (data preparation): the cycling trajectories

can be extracted using image identification software,
and the time and labour cost could be saved. Spe-
cifically, the evaluation period should be consistent
with the traffic signal cycle of the upstream inter-
section. According to the actual situation, we sug-
gest that a bicycle lane should be counted for several
different traffic signal cycle during the peak hour to
establish the LOS.

(ii) Step 2 (draw point cloud graphs): points in the
cloud graphs describe the relative positions of ad-
jacent cyclists. By regression of these relative po-
sition, we can get the cyclist domain model.

(iii) Step 3: calculate the speed-dependent cyclist
domains.

(iv) Step 4: compute the overlapping area of cyclist
domains for each user.

(v) Step 5: compute the CDIR and the comfort level of
each user.

(vi) Step 6: evaluate the LOS of target bicycle lane.

3. Methodology

3.1. !e Method to Estimate Cyclist Domain

3.1.1. Definition of Cyclist Domain. In this paper, cyclist
domain is defined as theminimum safe distance that a cyclist
maintains sufficient reaction time to events and keeps riding
comfortably, in the cyclist’s perception. Similar to Horowitz
et al. [21], given body-buffer zones and cycling behaviour
characteristics, we also assume that the profile of a cyclist
domain is an ellipse with its semimajor axis parallel to the
bicycle lane. Figure 3 provides an example for the velocity-
dependent cyclist domain. When cyclists travel with speed v,
the corresponding radius of the semimajor axis of the cyclist
domain ellipse is longitudinal separation denoted by a; the
radius of the semiminor axis of the ellipse is horizontal
separation denoted by b.

3.1.2. Regression Model to Obtain Cyclist Domains. In this
section, we introduce how to calculate velocity-dependent
cyclist domains by using the regression method. +e data
were obtained from a released cycling traffic video filmed at
the intersection of Vredenburg, Lange Viestraat, and Sint
Jacobsstraat, on the edge of Utrecht Central Station. +e
video was taken during morning peak hour in April 2014.
Data of 20 cyclists were extracted from the video in 0.5-
second intervals, including real-time speed and adjacent
cyclists’ polar coordinates.

+e procedures to calculate cyclist domain are briefly
presented here. We first draw point cloud graphs based on
the extracted cycling trajectories, then obtain domain
characteristic variables from the point cloud graphs, and
make a regression analysis to filter the best one according to
the goodness of fitting.

Figure 4 shows the point cloud graphs of different speeds
based on 242 data points. +e cycling direction is set parallel
to the x-axis. +e cyclist is at the origin. +e horizontal and
vertical coordinates represent the semimajor axis a and the
semiminor axis b of the cycling space, respectively. Both a
and b are in meters.

Based on the point cloud data, the elliptic curves for
different speeds can be fitted by using ellipse fitting. +e
observed data are collected in Table 1.

+e curve estimation method in SPSS 22.0 was used to
derive the formulas of a and b with the independent variable
of speed, based on the data given in Table 1. Curve esti-
mation results are shown in Tables 2 and 3 and also plotted
in Figure 5 for an intuitive illustration. As shown in the
tables and figures, of the ten models tested, the quadratic
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Figure 1: A domain-based description of a cycling event.
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Equation showed the best fitting goodness and higher ac-
curacy for semimajor axis a and semiminor axis b.

Based on the goodness-of-fit tests, the quadratic Equa-
tion was used to fit parameters a and b in the cyclist domain
model:

a � 2.905 − 1.185v + 0.251v2,

b � −0.059 + 0.428v − 0.035v2.
 (1)

Meanwhile, the standard elliptic equations for cyclist
domain are given by

xi − xi,t 
2

2.905 − 1.185vi,t + 0.251v2i,t 
2 +

yi − yi,t 
2

− 0.059 + 0.428vi,t − 0.035v2i,t 
2 � 1.

(2)

3.2. Calculating the Overlapping Area between Cyclist
Domains. Cyclists may experience a variety of events in-
cluding active passing, meeting, following, and cycling side-
by-side. +e cyclist domains change over time or have
overlapping attributes during different events. Table 4 lists
four kinds of cyclist domain overlapping cases in a bicycle
lane.

+e relative position between neighbouring cyclists and
their overlap appearing in all events are summarised in the
four situations shown in Figure 6:

+e overlapping domain area reflects the cyclist’s per-
ception and can be calculated using the definite integral
method.

+e area of a side-overlapping region of two cyclist
domains is calculated by

x

y

y0

a

v

x0

b

Figure 3: Schematic diagram of the cyclist domain.

1. Point cloud graph
2. Cyclist domain

Cyclist domain modelling
The overlapping cyclist domain area of
user i with other users at each time step

Cyclist domain at each time step

3. CDIR of user i

4. Comfort level of all users during the evaluation

5. Bicycle lane LOS

Bicycle lane LOS criteria

Figure 2: Study framework.
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Table 1: Observed cyclist domain data.

No. Speed (m/s) Longitudinal separation a (m) Horizontal separation b (m)
1 2.0 1.44 0.68
2 2.2 1.42 0.72
3 2.4 1.58 0.75
4 2.6 1.61 0.86
5 2.8 1.66 0.85
6 3.0 1.70 0.88
7 3.2 1.74 0.91
8 3.4 1.77 0.95
9 3.6 1.82 1.06
10 3.8 1.95 1.08
11 4.0 2.11 1.11
12 4.2 2.39 1.16
13 4.4 2.51 1.17
14 4.6 2.64 1.22
15 4.8 3.07 1.18
16 5.0 3.37 1.16
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Figure 4: Point cloud graphs at different speeds with cycling speed (a) 2.5m/s, (b) 3m/s, (c) 3.5m/s, (d) 4m/s, (e) 4.5m/s, and (f) 5m/s.

Table 2: Model summary and parameter estimates of a on v.

Dependent variable: a independent variable is speed v

Equation
Model summary Parameter estimates

R2 F df1 df2 Sig. Constant b1 b2
Linear 0.867 91.611 1 14 0.000 0.041 0.574
Logarithmic 0.784 50.933 1 14 0.000 −0.154 1.812
Inverse 0.687 30.777 1 14 0.000 3.680 −5.288
Quadratic 0.979 307.279 2 13 0.000 2.905 −1.185 0.251
Compound 0.929 182.523 1 14 0.000 0.775 1.307
Power 0.863 88.188 1 14 0.000 0.698 0.858
S 0.778 48.923 1 14 0.000 1.465 −2.538
Growth 0.929 182.523 1 14 0.000 −0.255 0.268
Exponential 0.929 182.523 1 14 0.000 0.775 0.268
Logistic 0.929 182.523 1 14 0.000 1.290 0.765
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St,i,j � 
xi,j,t,2

xi,j,t,1

yi,t ±
bi,t

ai,t

�������������

a2
i,t − x − xi,t 

2


  − yj,t ±
bj,t

aj,t

�������������

a2
j,t − x − xj,t 

2


 dx




. (3)

+e area of a longitudinal-overlapping region of two
cyclist domains is expressed by

St,i,j � 
yi,j,t,2

yi,j,t,1

xi,t ±
ai,t

bi,t

�������������

b2i,t − y − yi,t 
2



  − xj,t ±
aj,t

bj,t

�������������

b2j,t − y − yj,t 
2



 dy




. (4)

Observed
Linear
Logarithmic
Inverse
Quadratic
Cubic

Compound
Power
S
Growth
Exponential
Logistic

1.00

1.50

2.00

2.50

3.00

3.50

a 
(m

)

3.00 4.00 5.002.00
Speed (m/s)

(a)

Observed
Linear
Logarithmic
Inverse
Quadratic
Cubic

Compound
Power
S
Growth
Exponential
Logistic

0.60

0.80

1.00

1.20
b 

(m
)

3.00 4.00 5.002.00
Speed (m/s)

(b)

Figure 5: Curve estimation.

Table 3: Model summary and parameter estimates of b on v.

Dependent variable: b independent variable is speed v

Equation
Model summary Parameter estimates

R2 F df1 df2 Sig. Constant b1 b2
Linear 0.945 242.782 1 14 0.000 0.338 0.184
Logarithmic 0.963 363.252 1 14 0.000 0.232 0.618
Inverse 0.946 245.190 1 14 0.000 1.573 −1.910
Quadratic 0.968 197.616 2 13 0.000 −0.059 0.428 −0.035
Compound 0.932 192.151 1 14 0.000 0.489 1.215
Power 0.965 390.283 1 14 0.000 0.434 0.659
S 0.965 391.503 1 14 0.000 0.601 −2.055
Growth 0.932 192.151 1 14 0.000 −0.716 0.195
Exponential 0.932 192.151 1 14 0.000 0.489 0.195
Logistic 0.932 192.151 1 14 0.000 2.045 0.823
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Table 4: Four types of overlapping situations of cyclist domain in a bicycle lane.

Type of
event Cyclist domain overlapping diagrams of events Description

Active
passing

v2

v1 v′1
Accelerating

Passing +e cyclist in the front is slower, and there
is enough space for active passing

Following

v2v1 v′1

Following

Decelerating

+e cyclist in the front is slower, and there
is not enough space for active passing

Meeting
+e width of the bicycle lane is less than

(b1 + b2)

Side-by-
side

A special following event

User j

User i

(xi,j,t,2, yi,j,t,2)(xi,j,t,1, yi,j,t,1)

(a)

User i
User j

(xi,j,t,2, yi,j,t,2)

(xi,j,t,1, yi,j,t,1)

(b)

User i

User j

(c)

User i

User j

S2

S3

S1

(x′i,j,t,1, yi,j,t,1)(xi,j,t,1, yi,j,t,1)

(x′i,j,t,2, yi,j,t,2)
(xi,j,t,2, yi,j,t,2)

(d)

Figure 6: Four types of cyclist domain overlap. (a) Side overlap. (b) Longitudinal overlap. (c) Inclusion. (d) Unconventional overlap.
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+e area of an inclusion region of two cyclist domains is
then given by

St,i,j � π × aj,t × bj,t. (5)

+e area of an unconventionally overlapping region of
two cyclist domains is written as

St,i,j � S1 + S2 + S3, (6)

S1 � 
xi,j,t,2

xi,j,t,2′
yj,t +

bj,t

aj,t

�������������

aj,t − x − xi,t 
2



− y2 dx




,

S2 � 
yi,j,t,2

yi,j,t,1

xi,t +
ai,t

bi,t

�������������

b2i,t − y − yi,t 
2



 



− xj,t −
aj,t

bj,t

�������������

b2j,t − y − yj,t 
2



 dy


,

S3 � 
xi,j,t,1′

xi,j,t,1

y1 − yi,t +
bi,t

ai,t

�������������

ai,t − x − xi,t 
2



 dx




,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

where St,i,j is the area of the overlapping region of users i
and j at the tth time step; xi,j,t,1, xi,j,t,2, yi,j,t,1, and yi,j,t,2 are
the coordinates of the two intersection points of the two
cyclist domains at the tth time step, which can be deter-
mined by the intersection points of the ellipse; (xi,t,yi,t) and
(xj,t,yj,t) are the coordinates of cyclists i and j at the tth
time step; ai,t and aj,t are, respectively, the semimajor radii
of the cyclist domains of users i and j at the tth time step; bi,t

and bj,t are, respectively, the semiminor radii of the cyclist
domain of users i and j at the tth time step; and the pa-
rameters ai,t, bi,t, aj,t, and bj,t can be calculated by equation
(1).

3.3. Users’ Cyclist Domain Influence Ratio. We now focus on
the CDIR. Based on the cyclist domain model and the
calculation of cyclist-domain overlapping areas, we thus can
define two important cyclist perception indices, the differ-
ence in the area of the cyclist domain of user i before and
after hindrance by user j and the average area of the
overlapping region of users i and j. Notably, the areas of the
cyclist domain overlap of different users cannot be summed
without normalization because users’ perceptions differ. +e
area of change and the overlap in cyclist domain are then
normalized and denoted by a dimensionless index, the
CDIR, ωi,j.

3.3.1. !e Difference in Area of the Cyclist Domain of User i
before and after Hindrance by User j. +e average area of
user i’s cyclist domain is denoted by Si, which can be ob-
tained by the area of an ellipse with semiaxes a and b. +e
average area of the cyclist domain of user i during invasion
by user j is denoted by Si,j,a, which can be calculated by
equations (3)–(7).

+en, we can determine the difference of the cyclist
domain area of user i before and after hindrance by user j,
ΔSi,j, by

ΔSi,j � Si,j,a − Si



. (8)

3.3.2. !e Average Area of Overlap between Users i and j.
Let St,i,j denote the area of overlap between users i and j at
the tth time step during an overlapping process in n time
steps. +en, it is not difficult to calculate the average area of
the overlapping domains of users i and j, Si,j,inv, by

Si,j,inv �
 St,i,j

n
. (9)

3.3.3. !e CDIR of User i. Note that user i may encounter
hindrance from more than one users. We then calculate
CDIR of user i by

ωi,j �
ΔSi,j + Si,j,inv

Si

. (10)

3.4.!e Comfort of User i. +e comfort of user i is expressed
as the summation of the products of the CDIR and its
corresponding duration. +erefore, we have

LOSi � 
j

ωi,j × t,i,j, (11)

where LOSi is the comfort of user i in the focal bicycle lane
during the evaluation period; ωi,j is the CDIR of user i
interacting with user j during the period; and tp,i,j is the
duration of time when two cyclists interact with each other,
measured in seconds.

3.5. Bicycle Lane LOS Scores. For each cyclist, we can easily
obtain his comfort score according to the calculation pro-
cedures given in Sections 3.2–3.4. Table 5 presents the
calculation results for the data extracted from the afore-
mentioned cycling video. +e LOS of a bicycle lane is then
defined as the average of all user comfort levels:

BicycleLOS �


m
i LOSi

m
, (12)

where m is the number of users cycling in the bicycle lane
during the evaluation period.

4. Case Study

4.1. Cycling Trajectory Extraction and Data Processing.
We, in this section, present a case study to illustrate the
workflows of our proposed methodology. +e cycling data
were collected from a bicycle lane under the Central Railway
Station tunnel in ‘s-Hertogenbosch in the Netherlands. +e
bicycle lane is 60m long and 2.75m wide. 15,000 cyclists on
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average pass the bicycle lane every day. +e video was taken
at the entrance of the Central Railway Station tunnel at 5:00
pm on Tuesday the 4th of September 2012.

Cycling trajectories for 22 users were extracted with
image recognition technology, as shown in Figure 7, to be
used for the LOS evaluation of bicycle lane. +e cycling
trajectory data include the cyclist’s coordinates and in-
stantaneous speeds every 0.5 second. +e direction of the
bicycle lane is parallel to the x-axis. +e cyclist domains are
calculated using equation (1).

4.2. Bicycle Lane LOS Evaluation Based on HCM 2010.
We first evaluate the bicycle lane LOS by the HCM-2010
method:

Bicycle LOS Score � 5.446 − 0.00809(E) − 15.86(RW)

− 0.287(CL) − 0.5(DP),

(13)

where E is the number of weighted events per minute,
calculated as the sum of the number of meetings per minute
and 10 times the number of events of active passing per
minute; RW is the reciprocal of the path width in feet; CL
equals 1 if the trail has a centre line and 0 otherwise; and DP
is equal to either the number of events of delayed passing per
minute or 1.5, whichever is smaller.

Based on the HCM 2010 bicycle lane LOS equation (13),
the following parameters and the bicycle lane LOS can be
easily determined:

E � 0 + 10 × 2,

RW �
1

2.75 × 3.28
� 0.111,

CL � 0,

DP � 0.5,

BicycleLOS � 5.446 − 0.00809(E) − 15.86(RW)

− 0.287(CL) − 0.5(DP) � 3.274.

(14)

According to the classification criterion of HCM 2010
(Table 6), the LOS score falls into the “C” level.

4.3. Bicycle Lane LOS Evaluation Based on Cyclist Domains

4.3.1. Derive Each User’s Cyclist Domain Data. Take User 1
as an example. First, we calculate the distance between User
1 and other users in the cycling direction and determine
User 1’s cyclist domain data from cycling trajectories (see
Table 7 and Figure 8). Data for other cyclists during the
evaluation period can be obtained by the same way.

4.3.2. Determine User i’s Domain Overlaps and the Over-
lapping Duration during Which !ey Overlap. When the
following conditions are met, there is an overlap between
User 1 and another user. At a certain time step, the elliptic

Table 5: Calculation sheet (a subset of users is shown).

Users Index 1 2 3 4 5 6 7 8 9 10 11 . . .

1 Dur. (s) 2.0 3.5
CDIR 1.81 1.11

2 Dur. (s) 2.0 6.0
CDIR 1.02 0.85

3 Dur. (s) 6.0
CDIR 1.11

4 Dur. (s) 3.5
CDIR 0.68

5 Dur. (s) 5.7
CDIR 0.61

6 Dur. (s) 5.7
CDIR 1.15

7 Dur. (s) 11.5
CDIR 0.90

8 Dur. (s) 11.5
CDIR 0.89

9 Dur. (s)
CDIR

10 Dur. (s) 11.0
CDIR 1.07

11 Dur. (s) 11.0
CDIR 1.23

. . .
Dur. (s)
CDIR

Comfort degree 4.43 10.26 5.08 3.87 8.60 4.57 10.22 10.38 0 13.54 11.78

BicycleLOS � (
m
i LOSi/n) � 7.43
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equations of the two users’ cyclist domains has a real root, or
the elliptic equations of the two users’ cyclist domains has no
real root, but the ellipse’s centre of User 1 is located in the
ellipse of another user. +rough calculation and analysis,
overlapping regions can be seen between User 1 and User 2,
as well as User 1 and User 4.

4.3.3. Calculate the Average Area of Overlap in the Cyclist
Domain of User i with Other Users. We firstly use equation
(1) to calculate the change in the cyclist domain area before
and after each event. +en, we determine the overlapping
area of user i with other users by equations (3)–(7) and then

calculate the average overlapping area in the cyclist domain
of user i with other interacting users.

For example, User 1 overlapped with User 2 from the
19th time step to the 22nd time step, with an average overlap
of

Sp,1,2,inv �
3.332 + 0.936 + 4.073 + 5.967

4
� 3.577m

2
. (15)

Next, consider Users 1 and 4, who overlapped from the
15th to the 22nd time step. +e average overlapping area of
Users 1 and 4 is

Sf,1,4,inv � 3.041m
2
. (16)

Table 6: HCM-2010 criterion for bicycle lane LOS on shared-use and exclusive paths.

LOS LOS score Comments
A >4.0 Optimum conditions, ample ability to absorb more riders
B >3.5–4.0 Good conditions, some ability to absorb more riders
C >3.0–3.5 Meets current demand, marginal ability to absorb more riders
D >2.5–3.0 Many conflicts, some reduction in bicycle travel speed
E >2.0–2.5 Very crowded, with significantly reduced bicycle travel speed
F ≤ 2.0 Significant user conflicts and diminished experience
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Figure 7: Cycling trajectories for 22 users.

Table 7: Cyclist domain data for User 1.

Time step Cyclist domain of User
1 (m2)

Area of overlapping region
(m2) Time step Cyclist domain of User

1 (m2)
Area of overlapping region

(m2)
19 13.919 3.332 15 5.63 1.798
20 10.549 0.936 16 9.539 1.213
21 12.788 4.073 18 8.607 3.112
22 15.46 5.967 19 13.919 5.756

20 10.549 5.446
21 12.788 0.289
22 15.46 3.674

Duration (s) Average area of cyclist
domain (m2)

Average area of overlapping
region (m2) Duration (s) Average area of cyclist

domain (m2)
Average area of overlapping

region (m2)
2 13.179 3.577 3.5 10.927 3.041
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4.3.4. Calculate the CDIR of User i. +e average speed of
User 1 was 4.13m/s, and the average area of User 1’s cyclist
domain was 8.3m2. During the period of overlap with User
2, the difference in the area of User 1’s cyclist domain is given
by

ΔS1,2 � |13.179 − 8.3| � 4.879m
2
. (17)

Similarly, during the period of overlap with User 4, the
difference in the area of User 1’s cyclist domain is

ΔS1,4 � |10.927 − 8.3| � 2.627m
2
. (18)

According to equation (12), the CDIR of User 1 inter-
acted with User 2 is

ω1,2 �
4.879 + 3.577

8.3
� 1.019. (19)

+e CDIR of User 1 interacted with User 4 is

ω1,4 �
2.627 + 3.041

8.3
� 0.683. (20)

By the same procedures, we can calculate the CDIR of a
particular user with all other encountered users in the bicycle
lane.

4.3.5. Calculate the Comfort Level of User i. Take User 1, for
example. According to equation (12), the comfort level of
User 1 is

LOS1 � ω1,2 × t1,2 + ω1,4 × t1,4 � 1.019 × 2 + 0.683 × 3.5 � 4.428.

(21)

4.3.6. Determine the Bicycle Lane LOS Score. Table 7 gives
the calculation results in terms of the comfort level for each
cyclist and the LOS of the bicycle lane:

BicycleLOS � 7.4298. (22)

4.4. Proposed LOS Criteria for Bicycles on Shared-Use and
Exclusive Paths. According to the LOS criteria for bicycles
on shared-use and exclusive paths (Table 6), the LOS of the
bicycle lane is C, with a score of 7.43. In view of the LOS
criteria used in HCM 2010, we specify cyclist-domain-based
LOS criteria for bicycle lanes, shown in Table 8.

Table 8: Proposed LOS criteria for bicycle lanes based on cyclist domain.

LOS LOS score Comments
A <6.5 Optimal conditions, ample ability to absorb more riders
B 6.5–7 Good conditions, some ability to absorb more riders
C >7–7.5 Meets current demand, marginal ability to absorb more riders
D >7.5–8 Many conflicts, some reduction in bicycle travel speed
E >8–8.5 Very crowded, with significantly reduced bicycle travel speed
F >8.5 Significant user conflicts and diminished experience
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5. Concluding Remarks

In this paper, we present a cyclist-domain-based method
for evaluating the LOS for bicycle lanes. Describing the
bicycle lane LOS from a user perception’s perspective has
been accepted in the previous studies, but without ap-
plying the cyclist-domain concept, it would be a real
challenge and probably the first time to report on such a
method to successfully describe bicycle lane LOS. With
the use of data collected from video recording at selected
bicycle lanes, we set up a cyclist-domain model. We also
identified the cycling interactions and classified their
impacts into four kinds of cyclist domain situations. For a
particular cyclist, the external impact from other en-
countered users is characterized by the CDIR, which
extensively describe cyclists’ perception. +e proposed
method performed better because it explicitly considered
the cycling characteristic.

Although the proposed method is motivated by current
practice in the cycling transport system, a nonnegligible
limitation deserves further investigation. Our paper makes
an analysis of cyclist domain based on limited datasets. We
need to justify the method, especially the LOS criteria, by
enriching the cycling sample and testing more scenarios
under various traffic conditions, e.g., raining and uneven
pavement.
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